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ABSTRACT
To expand on previous research concerning perforated cold-formed steel web
elements, an experimental investigation was conducted to examine the influence o f
reinforcem ent on the behavior and strength of single web flexural members w ith web
openings. In current design practice, reduction factors are applied to the strength equations
to account for the debilitating effect o f web openings. This reduction in capacity may lead
to the selection of a greater member thickness or depth than would be required o f a solid web
member. A more economical approach may be to reinforce the web in the proxim ity o f the
opening to increase the capacity to that of its solid web counterpart.
In considering various options for reinforcement, an effort was made to utilize coldform construction m aterials already on site, thus eliminating the need to supply m aterial
specifically for the purpose o f reinforcement. Additionally, common construction practice
requires the presence of additional material at the end support w hich can serve a secondary
purpose o f reinforcing the web at a location where failure due to web crippling is critical.
The intent o f this research was to study the influence o f stiffener configurations on the
behavior and strength o f perforated web elem ents and to determ ine the adequacy o f the
reinforcement in increasing the web strength o f the reinforced member to that o f its solid web
counterpart.

Due to the preliminary nature o f the study, a lim ited number o f tests were

performed for each stiffener configuration. Therefore, no design equations were developed,
but based on the test results, recommendations were made for future study.
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I. INTRODUCTION

A . GENERAL
The use o f cold-formed steel as a residential and commercial construction m aterial
has grown substantially over the last several decades. As an alternative for tim ber, coldform ed steel has many advantages which include being environm entally friendly,
lightw eight, uniform in dim ension and material strength, term ite-proof and rot-proof, and
nestable for economical shipping and storage. The increased application o f cold-formed steel
as a building m aterial generates additional design considerations w hich must be addressed.
In 1946, the American Iron and Steel Institute (AISI) issued the first edition o f the
“ Specification for the Design o f Light Gage Steel Structural M embers,” (American, 1946)
based on the results o f research conducted at Cornell University as w ell as an accum ulation
o f practical field experience. Subsequent editions, later renam ed “Specification for the
D esign o f Cold-Formed Steel Structural M embers,” incorporated the results o f ongoing
research studies in order to maintain a reputation as the design standard in the U nited States
fo r cold-form ed steel structural members and to accommodate the ever changing needs o f
a rapidly expanding industry.
An im portant design issue has been the determination o f the strength o f cold-form ed
steel structural members with web openings. Web openings facilitate the installation o f
utilities such as w ater pipes and electrical conduits. Previous research has addressed the
issue by comparing the strength o f members w ith web openings to that o f their solid web
counterparts in order to determ ine a suitable reduction factor to be applied to the strength
equation to account for strength degradation caused by openings. Reduction factor equations

2
based on experimental research are given in AISI’s “Design Guide for Cold-Form Steel
Beams w ith Web Penetration” (American, 1997).
The prim ary goal o f this study was to study the influence o f web reinforcem ent on
the behavior and strength o f web elem ents with openings.

B. PURPOSE OF INVESTIGATION
This pilot study had the following purposes:
1. Primary Purpose. The prim ary purpose o f this pilot study was not to develop
design equations, but to experimentally study the influence of reinforcement on the capacity
o f cold-formed steel flexural members w ith web openings subject to one-flange loading. The
primary measure o f web capacity was the failure load o f the test specimens w ith reinforced
web openings. The reinforced web failure load was compared to the failure load o f the solid
web section to determine the influence o f a given stiffener configuration. Conclusions were
drawn based on the results o f the reinforced web opening tests.
2. Secondary Purpose. The secondary purpose o f this investigation w as to determine
if the reinforcem ent used to increase the capacity o f the perforated web elem ent subjected
to one-flange-loading could also be used to increase the capacity of the web elem ent
subjected to end-two-flange loading.

C. SCOPE OF INVESTIGATION
1. Loading C onditions. The end-one-flange (EOF) loading condition was the
primary loading condition in this study. Interior-two-flange (ITF) loading w as not addressed
in this
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study. Definitions for EOF, IOF, ETF, and ITF loading conditions are given in Table C3.4-1
o f the Cold-Form ed Specification (American, 1996).
2.

Test Specimens. All mem bers tested were C-sections w ith edge-stiffened flanges

ranging in depth from six to tw elve inches and in thickness from 0.033 to 0.057 inches.
Yield strengths determined by standard tensile coupon tests ranged from 23.4 ksi to 56.8 ksi.
Cross-sectional and material strength properties for the tested m em bers are given in Table
I. Property ranges are given in Table II. Cross-section parameters are illustrated in Figure
1. Each test specim en was com prised of two identical C-sections set approxim ately six
inches apart and connected by 3/4" x 3/4" x 1/8" aluminum angles attached to the top and
bottom flanges using self-drilling screws.

Figure 1. Specimen Cross-Section Param eters

Table I Cross-Sectional Properties for Test Specim ens
Specim en

D
(in.)

R
(in.)

t
(in.)

h
(in.)

B
(in.)

df
(in.)

a
(in.)

(ksi)

Fu
(ksi)

C6x20

6.01

0.17

0.033

5.67

1.63

0.44

4

50.5

55.3

C 6xl6

6.02

0.19

0.056

5.53

1.63

0.44

4

56.8

69.4

C8x20a

7.92

0.17

0.034

7.51

1.65

0.50

4,6

47.0

58.9

C8x20b

7.98

0.11

0.036

7.76

1.66

0.56

4

45.6

53.9

C 8xl8

9.00

0.11

0.043

8.78

1.63

0.57

4

29.4

48.3

C 8xl6

7.94

0.22

0.056

7.39

1.63

0.44

4,6

56.8

69.4

C 10xl8

9.97

0.11

0.041

9.75

1.69

0.54

4

23.4

46.2

C 10xl6

10.0

0.17

0.053

9.66

1.70

0.57

4

56.1

73.6

C 12xl6

12.0

0.17

0.057

11.7

1.69

0.59

4

30.5

47.9

Notation: C axb, C = C-section, a - overall depth o f specimen, b = gage o f specimen

Table II Cross-Sectional Param eter Ranges for Test Specim ens
t (in.)

h (in.)

a (in.)

a/h

h/t

N (in.)

Fy (ksi)

Fu (ksi)

m inimum

0.033

5.53

4

0.34

98.8

1

23.4

46.2

maximum

0.057

11.7

6

0.81

238

1

56.8

73.6

•fe .
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3.

Opening Size and Location. All web openings had a diameter o f four inches w ith

the exception o f a lim ited number o f tests having six inch diam eter openings. A ll web
openings were circular in shape and located at m id-height o f the web. For the end-oneflange loading condition, the openings were located as close as possible to the bearing
support w ithout being covered by the reinforcing stiffener. For the interior-one-flange
loading condition, the openings w ere located directly below the m idspan bearing plate.
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II. REVIEW OF LITERATURE

A. GENERAL
The following topics are relevant to this investigation and are addressed under their
respective headings:
1. Previous research on web crippling o f cold-formed steel members with web openings.
2. Current AISI web reinforcem ent requirements.
3. AISC guidelines for beams w ith web openings.

B.

PREVIOUS. RESEARCH ON WEB CRIPPLING OF COLD-FORMED STEEL

MEMBERS WITH WEB OPENINGS
1. G eneral. A lim ited number o f research studies have investigated the effects of
web openings on the web crippling behavior o f cold-formed steel flexural members. Initial
studies by Yu and Davis (1973) and Sivakumaran and Zielonka (1989) investigated only the
interior-one-flange loading condition, while more recent research by Langan, LaBoube, and
Yu (1994) considered both the interior-one-flange and end-one-flange web crippling
behavior. Follow-up research to the Langan, LaBoube, and Yu (1994) study was perform ed
on the interior-one-flange loading condition by Deshmukh (1996) and on the end-one-flange
loading condition by U phoff (1996).
2. Yu and D avis. Yu and Davis (1973) conducted twenty IOF web crippling tests
on C-sections with square or circular openings located at mid-height o f the web. Tested
specimens had overall depth to thickness (D/t) ratios ranging from 66.7 to 101 and opening
depth to overall depth (a/D) ratios from zero to 0.641. From the results o f the testing,
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reduction factor equations were developed separately for square and circular openings. In
com parison to the same depth o f circular opening, a square opening produced a more
debilitating effect on the web crippling strength due to the removal o f a greater amount o f
m aterial and greater stress concentrations at the comers o f the opening.
3.

Sivakum aran and Zielonka. Sivakumaran and Zielonka (1989) studied the

influence o f web openings on the IOF web crippling strength o f cold-formed steel sections,
specifically C-section lipped channel sections. The key parameters for the study were
opening size, opening shape, and web slenderness.
The web openings in this study were prim arily rectangular in shape, ranged in size
from 0.25 x 2 inches to 6 x 6 inches, and were located at m id-height o f the web. The web
openings were located directly below the IOF loading plate, thus creating the m ost critical
condition.
A total o f 103 IOF tests were performed on three distinct cross sections ranging in
depth from 3.5 inches to 8 inches and in thickness from 0.036 inches to 0.060 inches. The
h/t ratios ranged from 72 to 163. Solid web tests for each cross section were perform ed and
th e results compared w ith the computed web crippling capacity as designated by the
Canadian code for cold-formed steel (Canadian, 1984).
The computed capacities were approximately 15% low er than the tested web
crippling failure loads. The results for the test sections with web openings exhibited an
appreciable loss in web crippling capacity as compared with the solid web sections. Using
a non-linear least square best fit analysis, w ith a/h and b/N as independent variables, a
prediction equation for the web crippling strength o f webs with openings subject to IOF
loading was developed as follows:

8

(

RF
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a

\

(
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1 -0 .1 2 7

b

2

( 1)

A

where n1= N + h - a ;N = bearing length; h = flat height o f web; a = height o f web opening,
and; b = longitudinal length o f opening. The reduction factor equation is applicable for
values o f a/h s 0.75 and b/nj s 2.0.
4.

Langan. LaBoube. and Yu. Langan, LaBoube, and Yu (1994) studied the effects

o f web openings on the web crippling behavior o f cold-formed steel flexural members
subjected to end-one-flange and interior-one-flange loading. The web openings in the test
specimens were rectangular w ith fillet comers with dimensions o f either 0.75 x 2 inches or
1.5 x 4 inches. The openings were set at a distance, x, from the edge o f the bearing plate.
The value o f x was a key param eter for the web crippling strength and was divided by the
flat height o f the web, h, to produce the non-dimensional variable, a = x/h. Tests were
perform ed for a values o f 0, 0.5, 0.7,1.0, and 1.5. Bearing length, N, for the tests varied
from one to six inches.
The tested web crippling strength o f each section with web openings, ( P J ^ , was
compared to the web crippling strength o f the same section with a solid web to determine the
percent o f solid web strength, PSW. Bivariate linear regression analysis w as perform ed on
the 78 EOF test results and on the 90 IOF test results using a/h and a as independent
variables. The reduction factor equations for the two loading conditions were developed for
implem entation into the AISI Specification's web crippling equations to determ ine a
modified web crippling capacity which would account for degradation o f strength due to the
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presence o f a web opening. Applicable design recommendations for EOF and IOF loading
conditions for flexural members with web openings were given by Langan, LaBoube, and
Y u (1994) as follows:
(1) For end-one-flange loading conditions when the punchout is not within the
bearing length, Pn shall be m ultiplied by the following:

(2 )

The reduction factor, Rc, shall be limited to the following conditions: b <; 4.5 in.; N * 1 in.,
and a/h ^ 0.50.
(2) For interior-one-flange loading conditions when the punchout is not within the
bearing length, Pn shall be multiplied by the following:

(3)

The reduction factor,

shall be limited as given for Equation 2 except that N * 3 inches.

Langan, LaBoube, and Yu (1994) also performed lim ited research on reinforcem ent
o f web openings for the EOF and IOF loading conditions. Several configurations were
studied for each o f the two loading conditions. However, only a single reinforcem ent
configuration for each loading condition left the opening uncovered and available for its
intended function. A section o f the same geometry as the beam was attached back-to-back
with the beam using self-drilling screws. In the case of the EOF loading condition, the edge
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o f the opening was directly above the edge o f bearing, producing an a value o f zero.
Reinforcement was provided over the entire one inch bearing length. Three different Csection cross sections were tested, with two identical tests performed for each configuration.
In each o f these six EOF reinforced web tests, the results showed that the
reinforcement adequately stiffened the web such that web crippling capacity o f the solid web
could be achieved. For the IOF loading condition in which the opening was not obstructed,
values o f zero and three inches were used for a and N, respectively. Reinforcem ent was
provided along the entire length o f bearing. The same three cross sections used in the EOF
reinforced web study were tested. The results o f these six IOF reinforced web tests also
confirmed that the reinforcement increased the web crippling capacity o f the perforated web
to that o f its solid web counterpart.
5.

Deshmnkh. Deshmukh (1996) further investigated the web crippling state o f cold-

formed steel flexural members w ith web openings subjected to IOF loading. The research
expanded on the work o f Langan, LaBoube, and Yu (1994) by using a wider range o f crosssectional properties as well as higher a/h values.
Fifty-six IOF tests were performed and the data added to that o f the Langan,
LaBoube, and Yu (1994) interior-one-flange study results. A regression analysis including
the data o f both studies and using independent variables o f a/h and a resulted in a m odified
reduction factor equation as follows:

R„C = 0.900 - 0.047

+ 0.053(0) s 1.0

(4)
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6.

Uphoff. U phoff (1996) further investigated the web crippling lim it state for cold-

formed steel flexural members with web openings subjected to EOF loading. The study
augmented the work o f Langan, LaBoube, and Yu (1994) by expanding the range o f a/h
values used.
Fifty-five EOF tests were performed and the resulting data was compared with the
results o f the Langan, LaBoube, and Yu (1994) end-one-flange study. The reduction factor
equation given by Langan, LaBoube, and Y u was found to be conservative for high a/h
values. The combined data set from the two studies was analyzed by the statistical software
“Kwikstat” using bivariate linear regression with a/h and a as the independent variables.
The resulting reduction factor was developed as follows:

(5)

C. CURRENT AISI WEB REINFORCEMENT REQUIREMENTS
1. General. The cross-sectional requirements and design strength equations for
transverse and shear stiffeners are given in Section B6 o f the AISI Specification (American,
1996). Only transverse stiffeners are considered pertinent to this investigation and are
reviewed in this section.
2.

Transverse Stiffeners. Section B6.1 of the cold-formed steel specification

provides design requirements for transverse or bearing stiffeners. The Specification requires
that a bearing stiffener be designed as a compression member, and thus must be located such
that the edge o f the stiffener comes into direct contact with the load bearing surface. The
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capacity o f the stiffener is dependent on both the column strength o f the stiffener and its
ability to withstand crushing at the bearing location. The following strength equations are
given in the AISI specification:
For concentrated loads or reactions, the nominal strength equals Pn, w here Pn is
the sm aller value given by (a) and (b) as follows:
(a ) Pn = FwyAc

(6)

(b) Pn = Nominal axial strength evaluated according to Section C4(a),

(7)

w ith Ae replaced by Ab
Q C= 2.00(A S D )
<|>c = 0.85 (LRFD)
where
Ac = 18t2 + Aj, for transverse stiffeners at interior support and under concentrated
load
A^ = 10t2 + Aj, for transverse stiffeners at end support
F ^ = Lower value o f Fy for the beam web, or Fys for the stiffener section
Ai, = b2t + A j, for transverse stiffeners at interior support and under concentrated
load
A,, = b ,t + A,, for transverse stiffeners at end support
A, = Cross sectional area o f transverse stiffeners
b, - 25t [0.0024(L,/t) + 0.72] s 25t

t>2 = 12t [0.0044(Ls/t) + 0.83] <; 12t
= Length o f transverse stiffener
t = Base thickness o f beam web
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In addition, AISI permits maximum w/t, ratios of 1.28(E/Fys),/*and 0.37(E/Fys)1/j for stiffened
and unstiffened elements o f the transverse stiffener, respectively, where Fysis the yield stress
o f the stiffener steel, and t, is the thickness o f the stiffener steel.

D. AISC GUIDELINE S FOR BEAMS WITH WEB OPENINGS
1. General. The guidelines for the design o f steel beams with web openings as given
by the American Institute for Steel Construction (AISC) publication “Steel and Composite
Beams w ith Web Openings” (American, 1990) are reviewed in this section. O nly subjects
pertaining to web stability and web reinforcement are examined.
2. W eb Stability. AISC addresses the issue o f web buckling in beam s with web
openings by providing design guidelines w hich preclude web stability problem s. Two
criteria for webs w ith openings were developed by Redwood and U enoya (1979) and are
given by AISC as follows:
(a) The opening parameter, Po, should be limited to a maximum value o f 5.6 for steel
sections.

Po

(8)

where a„ and h„ = length and w idth o f opening, respectively, and d = depth o f steel section.
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(b) The web width-thickness ratio should be lim ited as follows

d ~ 2tf ^ 520

(9)

where tf= thickness of flange and t*, = thickness o f web. Based on the web slenderness ratio,
as defined above, allowable maximum ayi^ values o f 2.2 or 3.0 are given for Equation 11.
3. Web Reinforcement Guidelines. Local buckling o f web reinforcement at an
opening is precluded by requiring the slenderness ratio of the reinforcement to meet compact
criteria as defined by the AISC Allowable Stress Design (American, 1989) and the Load and
Resistance Factor Design (American, 1994).
The guidelines state that no concentrated loads should be placed above an opening.
For concentrated loads in the vicinity o f an opening and where stiffeners would not otherwise
be required, bearing stiffeners are not required to prevent web crippling if one o f the two
following situations exists:
(a) The load is placed at least d/2 from the edge o f the opening and
420

d - 2tf

---------- L * ------

b
t

65

( 10)

(ID
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or (b) the load is placed at least d from the edge of the opening and

( 12)

tw

£

(13)

The edge o f opening should not be closer than distance d from the edge o f the support.
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III. WEB CRIPPLING DUE TO ONE-FLANGE LOADING

A. INTRODUCTION
This section states the results o f the UMR study on web crippling o f cold-formed
steel members with reinforced web openings subjected to EOF and IOF loading. The study
is a continuation o f the web reinforcement investigation by Langan, LaBoube, and Yu (1994)
and o f the web crippling studies by Uphoff (1996) and Deshmukh (1996).
The results o f this investigation were used to draw conclusions concerning
reinforcem ent configurations for cold-formed steel flexural members with web openings.

B. PURPOSE
The purposes o f the web crippling study on reinforced web openings were as follows:
1. To study the effect o f reinforcem ent on the EOF web crippling capacity o f cold-formed
steel flexural members with web openings.
2. To study the effect o f web reinforcement on the IOF web crippling capacity o f coldformed steel flexural members w ith openings.
3. To evaluate trends and draw conclusions concerning the influence of reinforcem ent on
web elements w ith openings based on the test results.

C. EXPERLBIWCIfAL INVESTIGATION
1. Test Specimens. Each test specimen consisted o f tw o industry-standard Csections w ith edge-stiffened flanges. For other than the solid web sections, circular web
openings four inches in diameter were drilled at mid-height of the web, w ith the edge o f the
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opening located four inches from the end o f the section. The four inch diam eter opening
represented the largest practical web opening size generally employed for the placement o f
utilities in current construction practice. The four inch edge distance allowed for the
placem ent o f a transverse bearing stiffener, which consisted o f an industry-standard wall
stud, without covering any portion o f the web opening.
In reviewing previous research results, it was evident that the two key param eters in
determining the strength reduction due to web openings w ere a/h and a . The test specimens
w ere designed such that the web openings created the m ost debilitating effect on the EOF
and IOF web crippling capacities. The a/h value was maximized by using the largest practical
web opening size used in current construction practice. For the EOF loading condition, the
w eb opening was placed as close to the bearing plate as possible considering current
construction practice, which resulted in a minimum a value. For the IOF loading condition,
th e web opening was placed directly below the bearing plate. Web openings further from
the bearing plate have been shown to be less critical to web crippling capacity and their study
w as not pursued in this pilot investigation.
The bearing length, N, was held constant at one inch for the EOF loading condition
and at three inches for the IOF loading condition.
The minimum test specimen length, L ^ , based on the criteria o f Table C3.4-1 o f the
AISI Specification w as calculated as follows:
For EOF loading:

Lmin= 2 ( N + 1.5h) inches

(14)
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For IOF loading:
Lmin = 2 (N + 1.5h) + 3 inches

(15)

The value o f h refers to the flat portion o f the web and thus is a constant param eter for a
given cross section.
The actual length of each test specimen was chosen to satisfy the above equations and
to minimize bending moment interaction. Previous research regarding web crippling
strength o f cold-formed steel members without web openings has confirmed that the
interaction o f bending with web crippling is negligible when the ratio o f the maximum
moment at failure to the computed maximum allowable moment is less than or equal to 0.3
(Yu, 1991).
Two types of stiffener configurations were studied for the EOF investigation. The
stiffener configurations were taken from current cold-formed steel construction framing
details as given in the AISI publication “Low-Rise Residential Construction D etails”
(American, 1993) and shown in Figure 2.
The first stiffener configuration, a bearing stiffener alone, utilized 20 gage, 3-5/8”
cold-formed steel wall stud C-sections with edge-stiffened flanges or 20 gage, 3-5/8" track
sections with unstiffened flanges as bearing stiffeners. The cross-sectional parameters for
transverse web reinforcement are given in Table III. These cross sections represent a
minimum wall stud or track size used in typical cold-formed steel residential construction.
The 3-5/8" section was attached perpendicular to the beam with either four or six No. 10 self
drilling screws as shown in Figures 3 and 4. For the EOF loading condition, the 3-5/8"
stiffener was located at the support o f the beam, adjacent to the web opening. This
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Figure 2. Typical Framing Detail

configuration met the objectives of using material already on site and utilizing m aterials
already required by current construction procedures. For initial tests, the 3-5/8" track
stiffeners were attached such that the bottom of each stiffener remained approximately 1/4"
above the bottom flange of the beam such that bearing contact was not ensured.
Confirmatory tests later in the investigation placed the 3-5/8" C-section stiffeners flush w ith
the bottom flange to provide contact with the bearing plate. Originally, track sections were
utilized for the transverse bearing stiffeners because they represented a minimum moment
o f inertia for a stiffener configuration. The transverse stiffeners were changed from track
sections to C-sections for subsequent tests to coincide with the current construction practice
o f attaching a section o f wall stud, or C-section, to the web o f the flexural m ember beneath

Table III Cross-Sectional Properties for 3-5/8” Transverse Reinforcem ent
Section

t (in.)

D (in.)

r (in.)

h (in.)

B (in.)

df (in.)

h/t

C 3-5/8x20

0.033

3.62

0.14

3.34

1.67

0.38

101

T 3-5/8x20

0.033

3.78

0.13

3.52

1.16

107

—

Notation: C axb: C = C-section, T = track section, a = overall depth o f section, b = gage o f section

Table IV Cross-Sectional Properties for Track Reinforcem ent
Specimen

t(in .)

D (in.)

r (in.)

h (in.)

B (in.)

h/t

L (in.)

Fy (ksi)

Fu (ksi)

T8x20

0.035

8.17

0.16

7.85

1.25

224

18

21.0

45.7

T6x20

0.032

6.05

0.05

5.95

1.44

186

18

58.2

58.5

T 8xl8

0.045

8.16

0.17

7.82

1.30

174

18

38.0

50.2

T 10xl8

0.046

10.1

0.16

9.78

1.33

213

18

37.8

58.6

T 6xl6

.055

6.11

0.08

5.95

1.38

108

18

56.9

68.7

T 10xl6

0.060

10.2

0.14

9.92

1.32

165

18

52.7

62.8

T 12xl6

0.060

10.2

0.14

11.9

1.31

165

18

28.2

44.1

Notation: C axb: C = C-section, T = track section, a = overall depth o f section, b = gage o f section

to
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each wall column stud. The self-drilling screws were located a distance o f six screw
diam eters, 6d, from the edge o f the stiffener. This placement satisfies the AISI edge
distance provisions for screw connections, which stipulates a minimum 3d edge distance.
The 6d value was chosen to provide an allowable range for screw placement.
The second stiffener configuration used for the EOF loading condition utilized the
track section alone into which floor beams are typically nested, as shown in Figure 2. Crosssectional properties for the track sections are given in Table IV. As is standard in current
construction practice, the track section matched the C-section in gauge and depth. The track
section was fitted over the end o f the dual-section specimen and positively attached to the
C-section with a single No. 10 self-drilling screw located at the center o f the overlap o f the
top flanges o f the C-section and the track section as illustrated in Figures 5 and 6.
For the IOF loading condition, the web opening was located at m idspan o f the
specimen. The 3-5/8" stiffeners were attached to the web in the same manner as for the EOF
loading condition and located on both sides o f the web opening, as shown in Figures 7 and
8. In some o f the IOF tests, bearing stiffeners were attached at the ends o f the beam to
prevent web crippling.
2. Test Setup. The test specimens were comprised o f two C-sections o f the same
cross section set approximately six inches apart web-to-web and stabilized against lateraltorsional buckling by 3/4" x 3/4" x 1/8" aluminum angles attached to the top and bottom
flanges using No. 10 self-drilling screws. This test setup configuration was used previously
in web crippling research by Yu and Davis (1973), Hetrakul and Yu (1978) Langan,
LaBoube, and Yu (1994), and U phoff (1996).

- I s I-
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Figure 4. EOF 3-5/8" Transverse Reinforcement Specimen
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Figure 5. Schematic o f EOF Track Configuration Test Setup

Figure 6. EOF Track Configuration Specimen
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Figure 7. Schematic o f IOF 3-5/8" Transverse Reinforcement Setup

Figure 8. IOF 3-5/8" Transverse Reinforcem ent Specimen
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For the EOF loading condition, a loading stiffener was attached at m idspan o f each
section to prevent web crippling beneath the load point. A concentrated load w as applied to
the test specimen through a bearing plate resting on the loading stiffeners at m idspan o f the
beam using a Tinius-Olsen testing machine, as shown in Figure 9. The m idspan loading
created EOF reactions at the bearing plates set flush w ith each end o f the test specimen.
Each bearing plate rested on a roller, one restrained from translating and the other free to
translate, to provide a simple support at each end o f the beam.
For the IOF loading condition, a three inch bearing plate was placed directly on the
top flange o f the C -section at midspan o f the beam, as shown in Figure 10. The loading
through the three inch bearing plate at midspan created an IOF reaction at that location.
3. Test Procedure. Two identical specimens o f each combination o f cross-section,
opening size, loading condition, and applicable reinforcement configuration were tested
using a Tinius-Olsen test machine. Load was applied quasi-statically to each specimen until
failure, which was defined as the point at which the specimen could carry no additional load.
In initial tests, the loading was continued after the failure point to determine w hether postbuckling strength was available. None o f the specimens exhibited such behavior.
Previous research by Langan, LaBoube, and Yu (1994) has shown that the quasi
static loading method, which requires a gradual and constant loading rate, returns the same
end results within experimental error as the loading method performed by H etrakul and Yu
(1978) in which load was applied to the specimens in increments o f 15% o f the expected
failure load and held constant for five minutes before applying the next load increment.
Therefore, the quasi-static loading method was used in this investigation.
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Figure 9. Test Setup for EOF Loading

Figure 10. Test Setup for IOF Loading
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D. TEST RESULTS.
1. General. Eighteen solid web sections and thirty-eight reinforced web opening
sections were tested under the EOF loading condition. Eight reinforced web opening
sections were tested under the IOF loading condition. The web crippling strength o f each
solid web section was tested, rather than calculated using AISI specifications, in order to
develop a true comparison between solid web capacity and reinforced web opening capacity.
The failure load was recorded for each test and the ( P J ^ value, or the load taken by each
web at the point of failure, was calculated by dividing the failure load by four. The (PJ som
(avg) value was obtained for the solid web members by averaging the results o f the two tests
for each cross-section type. Individual test results for the solid web test specimens are given
in Table V.
Although the reinforced specimens were not symmetrical about the beam centerline
in stiffness, a first-order static analysis of a simply supported beam distributes one h alf o f
the midspan load to each end o f the beam which was then shared equally by each o f the tw o
C-section webs, thus 1/4 o f the midspan load was applied to each web. In addition, due to
the gradual load application, dynamic loading effects were neglected.
2. Typical Failures. Figures 11 and 12 illustrate the original undeformed shape o f
a EOF test specimen reinforced by 3-5/8" stiffeners as well as a typical web crippling failure.
The solid web EOF specimens failed, without exception, by a typical web crippling failure
with excessive flange rotation at the location o f the bearing plates. The reinforced web
opening specimens with the 3-5/8" stiffeners failed in two distinct manners. I f the initial web
deformation did not cause the stiffener to come into contact with the bearing plate, the web
crippling failure was sim ilar to that o f the solid web member with stiffness from the

Table V U nreinforced Solid W eb EOF Test Results
Length
Specimen
Depth
(in.)
(in.)
Num ber

Thickness
(in.)

N
(in.)

(IBs.)

C6-20-101

30

6.01

0.033

1

331

C6-20-102

30

6.01

0.033

1

281

C6-16-101

30

6.02

0.056

1

775

C6-16-102

30

6.02

0.056

1

819

C8-20a-101

30

7.92

0.034

1

269

C8-20a-102

27.5

7.92

0.034

1

300

C8-16-101

27.5

7.94

0.056

1

763

C8-16-102

27.5

7.94

0.056

1

819

C8-20b-501

30

7.98

0.036

1

375

C8-20b-502

30

7.98

0.036

1

356

C8-18-501

30

9.00

0.043

1

381

C8-18-502

30

9.00

0.043

1

394

C10-18-501

36

9.97

0.041

1

244

C l 0-18-502

36

9.97

0.041

1

256

C10-16-501

36

10.0

0.053

1

744

C10-16-502

36

10.0

0.053

1

769

C12-16-501

40

12.0

0.057

1

700

C12-16-502

40

12.0

0.057

1

663

306
797
284
791
366
388
250
756
681

dotation: C a-b-c, C = C-section, a = overall depth o f specimen, b = specimen gage, c = identifying test number
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Figure 11. Undeformed Shape o f EOF Test Specimen

Figure 12. Typical Web Crippling Failure o f EOF Test Specimen

30
reinforcem ent configuration offsetting some o f the capacity loss due to the web opening.
However, if the initial web deformation brought the stiffener into contact w ith the bearing
plate, a combination o f web crippling of the beam and crushing o f the stiffener at the bearing
plate in the location o f the reinforced opening and web crippling at the solid web end
occurred at approximately the solid web strength.
The results o f the EOF tests in which the web openings were reinforced by 3-5/8"
stiffeners located 1/4" above the bearing plate are given in Table VI. Due to inconsistency
in the adequacy o f the 3-5/8" stiffener in reinforcing the opening, confirmatory tests were run
for the specimens which did not achieve solid web strength in both tests. In these tests, the
bottom o f the 3-5/8" stiffener was positioned flush with the bearing plates, thus ensuring
bearing contact. The confirmatory tests utilized 3-5/8" C-sections rather than track sections
for the transverse reinforcement. When the stiffener was placed in direct contact with the
bearing plate, the controlling failure mode was web crippling at the opposite end o f the beam
where no web opening was present (Table VII). Therefore, even though (P„)soiid(avg)was not
achieved for the reinforced web tests in every case, the 3-5/8" stiffener was determined to
have fulfilled its objective by precluding a web crippling failure at the location o f the web
opening and forcing web crippling of the solid web at the opposite end of the beam to be the
controlling failure mode.

T able V I R einforced EOF Test R esults - 3-5/8" Transverse Reinforcem ent, 1/4" Above B ottom Flange
PSW
Length
a
Specimen
N
( P n ) te s t
(1 * n)solid (avg)
(lbs.)
N um ber
(in.)
(in.)
(in.)
(lbs.)
C6-20-103

30

4

1

313

C6-20-104

30

4

1

250

C6-16-103

30

4

1

706

C6-16-104

30

4

1

806

C6-16-109

30

4

1

719

C6-16-110

30

4

1

725

C8-20a-103

27.5

6

1

250

C8-20a-104

27.5

6

1

250

C8-16-103

37.5

6

1

756

C8-16-104

27.5

6

1

788

C8-16-105

30

4

1

788

306

797

284

791

Lim it State

1.02

W eb crippling

0.80

W eb crippling

0.89

W eb crippling

1.01

W eb crippling

0.90

W eb crippling

0.91

W eb crippling

0.88

W eb crippling

0.88

W eb crippling

0.96

W eb crippling

1.00

W eb crippling

1.00

W eb crippling

C8-16-106
W eb crippling
4
1.00
30
1
788
N otation: C a-b-c, C = C-section, a = overall depth o f specim en, 5 = specim en gage, c = identifying test num ber

Table VII Reinforced EOF R esults - 3-5/8” Transverse Web Reinforcem ent, Flush w ith Bottom Flange
PSW

Lim it State

306

0.90

W eb crippling @ opposite end

797

1.10

W eb crippling @ opposite end

0.97

W eb crippling @ opposite end

Specimen
Number

Length
(in.)

a
(in.)

N
(in.)

(Pn)test

(^ n)solid(avg)

(lbs.)

(lbs.)

C6-20-111

30

4

1

275

C6-16-117

30

4

1

875

C8-20a-105

30

4

1

275

284

W eb crippling @ opposite end
C8-20a-106
300
1
1.06
30
4
dotation: C a-b-c, C = C-section, a = overall depth o f specimen, b = specim en gage, c = identifying test num ber
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Figure 13. Web Crippling/Shear Buckling for Track Configuration

In the EOF tests with web openings reinforced by a track section, the typical failure
mode as shown in Figure 13 was again web crippling w ith some tests showing a web
crippling failure followed by a shear buckling propagation at the location o f the opening. In
this case, the shear buckle developed because o f the higher failure load attained due to the
track reinforcement and possibly because o f severe deform ation o f the web near the failure
load. The results o f the EOF tests in w hich the web openings w ere reinforced by the track
configuration are given in Table VIII.
The IOF test specimen failed in one o f two m anners (Table IX). In initial tests, the
specim ens failed in web crippling at the ends o f the beams. In subsequent tests, bearing
stiffeners were added at die end bearing locations to prevent EOF web crippling failure. In
these tests, the specimens failed by IOF w eb crippling in the area directly above the opening.

Table VIII Reinforced EOF Test R esults - Track R einforcem ent
(h /t^
Specim en N um ber Length
a/h
N
a
(in.)
(in.)
(in.)

(^ * n )le st

(lbs.)

(i*n )so lid (avg)
(lbs.)

PSW

L im it State

1.16

W eb crippling

1.20

W eb crippling

1.18

W eb crippling

C6-20-105

30

1

4

0.67

186

356

C6-20-106

30

1

4

0.67

186

369

C6-20-107

30

1

4

0.67

186

363

C6-20-108

30

1

4

0.67

186

363

1.18

W eb crippling

C6-16-105

30

1

4

0.68

107

1119

1.40

W eb crippling

C6-16-106

30

1

4

0.68

107

1125

1.41

W eb crippling

C6-16-107

30

1

4

0.68

107

1044

1.31

W eb crippling

C6-16-108

30

1

4

0.68

107

1075

1.35

W eb crippling

C8-20b-503

30

1

4

0.51

224

400

1.09

W eb crippling

C8-20b-504

30

1

4

0.51

224

400

1.09

W eb crippling

C8-18-503

30

1

4

0.51

174

494

1.27

W eb crippling

C8-18-504

30

1

4

0.51

174

494

1.27

W eb crippling

C l 0-18-503

36

1

4

0.41

213

344

1.38

W eb crippling

C 10-18-504

36

1

4

0.41

213

350

1.40

W eb crippling

C l 0-16-503

36

1

4

0.40

165

1069

1.41

W eb crippling

C10-16-504

36

1

4

0.40

165

1013

1.34

W eb crippling

C l 2-16-503

40

1

4

0.34

198

950

1.39

W eb crippling

306

797

366
388

250
756

681

C12-16-504
4
0.34
198
1.40
1
956
40
dotation: C a-b-c, C = C-section, a = overall depth o f specim en, b = specim en gage, c = identifying test num ber

W eb crippling

u>
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Table IX Reinforced IOF Test Results - 3-5/8" Transverse Reinforcem ent
Specimen
Number

Length
(in.)

a
(in.)

N
(in.)

C8-16-107

30

4

3

(f\i)te s t

(lbs.)

30

4

3

806

C6-16-111

30

4

3

800

C6-16-112

30

4

3

813

C8-20-107

30

4

3

400

30

4

3

394

C6-20-112

30

4

3

344

4

3

791

W eb crippling @ ends o f beam
Web crippling @ ends o f beam
Web crippling @ ends o f beam
2088

338

797
W eb crippling @ ends o f beam
Web crippling @ IOF loading location

763

C8-20-108

30

2031

Lim it State

769

C8-16-108

C 6-20-113

(lbs.)

( r ii) e OP solid (avg)
(lbs.)

(f* n )lO F solid (avg)

284
Web crippling @ IOF loading location
W eb crippling @ IOF loading location

738

306
Web crippling @ IOF loading location

Notation: C a-b-c, C = C-section, a = overall depth o f specimen, b = specimen gage, c = identifying test number
1. Tested IOF solid web strength as given by Deshmukh (1996)
2. Tested EOF solid web strength as given in Table V.
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E. EVALUATION OF TEST RESULTS
1• General. The primary indicator of the effectiveness o f a stiffener configuration in
terms o f its ability to adequately reinforce a web opening was the PS W, percent o f solid web
strength, value. The PSW value was calculated by dividing the (P J,^ value o f the reinforced
web member by the (PJsoudtavg) value for the solid web member. When the PSW for a given
reinforced test specimen equaled or exceeded unity, the web opening reinforcem ent was
considered successful in increasing the web crippling strength to that o f its solid web
counterpart. In some cases, a test specimen failed in web crippling at the end o f the beam
opposite the web opening before a PSW value of unity was achieved. In such case, although
the PSW value did not achieve unity, the reinforcement was considered to be adequate since
web crippling was precluded at the location o f the reinforced web opening.
2.

EOF 3-5/8” Transverse Reinforcement Test Results. The results o f the EOF

reinforced web tests utilizing the 3-5/8" track sections and C-sections (Table VII) showed
that if bearing contact between the stiffener and the bearing surface was ensured, the web
crippling capacity o f the reinforced web achieved solid web strength. However, when the
bottom o f the reinforcement was intentionally placed 1/4" above the bearing plate such that
contact was not ensured, the web crippling capacity of the solid web section was not
achieved in all cases because the PSW ranged from 0.80 to 1.02 with a m ean o f 0.94 (Table
VI). The reinforcement provided a more reliable increase in capacity due to the additional
load path it provided when the stiffener contacted the bearing plate. The confirm atory test
results show that when adequate contact was ensured, the PSW values ranged from 0.90 to
1.10 w ith a mean o f 1.01 (Table VII).
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3. EOF Track Reinforcement Test Results. The results o f the EOF reinforced web
tests utilizing track section capacity indicated that the track section of m atching gage
adequately reinforced the web opening such that solid web capacity was surpassed in all
tests. As shown in Table VUI, the reinforced web capacity for these tests exceeded solid web
capacity by as much as 41%. The track increased the capacity o f the end reaction by
providing an alternate load path for the end reaction.
The values o f h/t for the track reinforcement and a/h for the test specimen appeared
to be significant factors in the determination o f the track configuration capacity. Because
the web o f the track section acted as a compressive member, the h/t value was a key
parameter. For a constant a/h value, the value o f PSW increased as the h/t value decreased,
which agrees with column buckling theory. An exception was that was that for a/h values
of 0.4 or less, the PSW remains fairly constant for varying h/t values. This outcome agrees
with current AISI requirements (American, 1997) which require less stringent design
calculations for a/h values o f 0.4 or less, reflecting the diminishing effect o f a sm aller web
opening. The data in Table VUI also indicated a correlation between PSW and a/h. As a/h
values increased above the 0.4 value given above, the PSW values decreased for sim ilar h/t
values.
4. IOF 3-5/8” Transverse Reinforcement Results. The results of the IOF reinforced
web tests showed that for EOF and IOF bearing lengths of one and three inches, respectively,
the unreinforced EOF web crippling capacity was the controlling lim it state. When the end
bearing locations were reinforced in subsequent tests to prevent EOF web crippling, the
reinforced IOF web crippling capacity was the controlling lim it state. The reinforced IOF
web crippling capacity was compared to the solid IOF web crippling capacity results o f
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Deshmukh (1996), as shown in Table IX. The comparison showed that the transverse
stiffeners did not adequately reinforce the web such that solid web capacity was achieved for
the IOF loading condition.

F. CONCLUSIONS
1. General. The test setup for reinforced web opening tests for the one-flange
loading conditions provided the most web crippling capacity degradation in terms o f the web
opening size and the proxim ity o f the web opening to the bearing location. The web
crippling capacity o f the solid web section was determined using a minimum practical
bearing length of one inch, as defined by a typical track flange width, for the EOF loading
condition and three inches for the IOF loading conditions.

Therefore, any stiffener

configuration which provided adequate reinforcement for the tested specimens should also
provide adequate reinforcem ent for a less critical situation.
2. EOF 3-5/8” Transverse Reinforcement. The test results for the 3-5/8" transverse
stiffener configuration indicated that when the bottom of the transverse stiffener was placed
flush with the bearing plate, web crippling was precluded at the location o f the
reinforcement. Since web crippling at the location o f opening was not the controlling lim it
state, the opening did not affect the capacity at which the configuration failed. W hen the
transverse stiffener was not placed flush with bearing surface, web crippling at the location
o f the web opening was not consistently prevented.
3. EOF Track Reinforcement Alone. The track section utilized as web opening
reinforcement was approximately the same thickness as the test specimen. The test results
for the track configuration showed that for a/h values as high as 0.67, solid web EOF web
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crippling capacity could be achieved by using only track reinforcement. In addition, the
track section provided as much as forty percent additional capacity as compared to solid web
strength by providing an alternate load path for the end reaction. The data indicated that the
capacity o f the joist/track configuration increased as a/h and h/t values decreased.
4.

IOF 3-5/8” Transverse Reinforcement. The results o f the IOF 3-5/8" transverse

reinforcement tests demonstrated that the transverse reinforcement with the screw pattern as
shown in Figure 7 was inadequate in increasing the perforated web capacity to that o f the
solid web member.
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IV. SHEAR LOADING
A. INTRODUCTION
This section states the results o f the UMR study on shear failure of cold-formed steel
members with reinforced web openings subject to constant shear loading. The results o f this
investigation were used to draw conclusions concerning reinforcement configurations for
cold-formed steel flexural members with web openings.

B. EUKPQSE.
The purposes of the shear failure study on reinforced web openings were as follows:
1. To study the effect o f reinforcement on the shear capacity o f cold-formed steel flexural
members with web openings.
2. To evaluate the influence o f reinforcement on web elements with openings by comparing
the test results with the results of previous research regarding the shear strength o f web
elements w ith openings.

C. EXPERIMENTAL INVESTIGATION
1. Test Specimens. Each test specimen consisted o f two industry-standard Csections w ith edge stiffened flanges. The test specimen configuration was the same as
described in Section III except that the edge of the four inch opening was placed eight inches
from the end of the section. A bearing stiffener was attached at each bearing location to
prevent web crippling failure due to concentrated loading. The web opening was positioned
in an area o f constant shear and adequately distanced from the bearing stiffeners such that
a 3-5/8” C-section could be attached on each side o f the opening, as shown in Figure 14.
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Figure 14. Schematic o f Shear Test Setup

2. Test Setup. The test setup configuration was the same as given in Section III. A
concentrated load was applied to the test specimen through a bearing plate resting on the
midspan loading stiffeners. The concentrated load was shared equally by each o f the two Csections producing a shear in each web o f 1/4 o f the midspan load.
3. Test Procedure. Load was applied quasi-statically to the bearing plates by a
Tinius-Olsen testing m achine until failure of specimen occurred.

D. TEST RESULTS
1.

General. Eight reinforced specimens were tested (Table X). The failure strength

of the each specimens was compared w ith the calculated solid web shear strength, (V J Mlid
(aisi), given by Equation C3.2-3 o f the AISI specification. The solid web shear strength was
calculated rather than tested due to the difficulty in forcing a shear failure in a solid web
member.

Table X R ein breed S h earr est R esults - 3-5/8" 20 Gage W eb Reinforcem ent
Specimen
Num ber

Length
(in.)

h/t

a/h

C6-20-201

30

172

0.71

C6-20-202

30

172

0.71

C6-16-201

30

99

0.72

C 6-16-202

30

99

0.72

C8-20a-201

30

221

0.53

C8-20a-202

30

221

0.53

C8-16-201

30

132

0.54

C8-16-202

30

132

0.54

Lim it State

( V n )s o lid ( A I S [ )

(V n X e st

< yxj

Obs.)

(lbs.)

(V n )so lid (A I S I )

706

0.77

Shear buckling

725

0.79

Shear buckling

1718

0.37

Shear buckling

1763

0.38

Shear buckling

438

0.58

O verall instability o f specim en

375

0.49

O verall instability o f specim en

1906

0.55

Loading stiffener/ web failure

2363

0.68

Loading stiffener/ web failure

919
4600
759
3450

Notation: C a-b-c, C = C-section, a = overall depth o f specimen, b = specimen gage, c = identifying test number
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2.

Typical Failures. The six inch C-sections failed in a typical shear buckling mode.

For these specimens, the shear buckling lim it state controlled due to the high a/h values. The
eight inch C-sections failed either in overall stability or in a web failure at the location o f the
midspan loading stiffener. Because o f the lower a/h values, a shear buckling failure was not
achieved. The results o f the reinforced shear tests are given in Table X.

E. EVALUATION OF TEST RESULTS
1. General. For the tests that failed due to shear buckling, the reinforced web shear
strength was compared to the calculated solid web strength,
The tested shear strength o f the reinforced web,

(AISI) (Table X).

, was substantially lower than the

calculated solid web shear strength, (V ^ii^A is^ which indicated that the transverse stiffener
did not adequately reinforce the web such that solid web capacity was achieved.

F. CONCLUSIONS
1.

General. The results o f the reinforced web opening tests for the shear loading

condition indicate that the transverse stiffener configuration provided insufficient shear
capacity to the perforated web to develop solid web strength. The C-section reinforcement
and screw pattern as shown in Figure 14 did not develop sufficient web stiffness to preclude
a premature shear failure.
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V. END-TWO-FLANGE WEB CRIPPLING STUDY
A. INTRODUCTION
This section states the results o f the UMR study on end-two-flange web crippling of
cold-formed steel flexural members with reinforced webs. The results o f this investigation
were used to draw conclusions concerning the end-two-flange capacity o f the track
reinforcement configuration described in Section III.

B. PUR POSE
In current construction practice, a C-section when used as a floor beam is nested into
a track section and reinforced by a transverse stiffener which serves to carry the concentrated
axial load o f the wall stud to the foundation or to the floor below, as shown in Figure 2. The
goal o f this study was to determine if the track configuration alone, as described in Section
III, could provide sufficient capacity such that the transverse bearing stiffener could be
eliminated.

C. EXPERIMENTAL INVESTIGATION
1. Test Specimens. Each test specimen consisted of two industry-standard solid web
C-sections with edge stiffened flanges. The tests specimens were each twelve inches in
length. The six inch deep C-sections were the same as those tested previously in Section ID,
and their cross-sectional properties are given in Table I.
In addition to the unreinforced specimens, two stiffener configurations were tested
for the ETF loading condition. The 3-5/8” transverse stiffener and the track configuration
alone as described in Section III were tested to determine their ETF capacities.
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2. Test Setup. The test specimens consisted o f two C-sections set approximately six
inches apart and stabilized by 3/4” x 3/4" x 1/8" aluminum angles attached to the top and
bottom flanges as described in Section III. The bottom flanges o f the specim en rested on a
3.5 inch bearing plate. To simulate current construction methods, a section o f plyw ood was
placed across the top flanges. A bearing plate, 3.5" x 1.5" was placed on the top flange o f
each C-section at the location where a w all stud would apply a concentrated load. A larger
bearing plate was placed above the two smaller plates to ensure even distribution o f the load
to each o f the two C-sections. The load was applied to the larger bearing plate by a TiniusOlsen testing machine creating a ETF loading condition, as shown in Figure 15.

Figure 15. Test Setup for ETF Loading
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3.

Test Procedure. Load was applied quasi-statically to the bearing plates by a

Tinius- Olsen testing machine until failure o f specimen was achieved.

D. TEST RESULTS
1. General. Three specimens reinforced by transverse stiffeners, four specimens
reinforced by the track alone, and two unreinforced solid web sections were tested (Tables
XI, XII, and XIII). The capacity o f the track configuration alone was compared to the
capacity of the transverse reinforcement configuration to determine if the track section could
increase the ETF capacity and render the transverse stiffener unnecessary.
2. Typical Failures. The test specimens reinforced by transverse stiffeners failed due
to cracking o f the plywood in combination with severe web crippling. In each successive
test, thicker plywood was used to try to eliminate the plywood from affecting the failure
mode. The thicker plywood enabled higher failure loads but could not provide enough
strength to prevent cracking o f the plywood from affecting the limit state. The unreinforced
specimens and the specimens having a track section alone failed in a typical web crippling
mode.

E. EVALUATION OF TEST RESULTS
The test specimens with the track section alone (Table XII) produced significantly
lower capacities as compared to the transverse reinforcement (Table XI). However, for the

C6-16 specimens, the ETF web crippling strength nearly doubled as compared to the
unreinforced web strength. Pn/(Pn)soiidwas found to be 1.92 (Table XII).

Table XI ETF Solid W eb Test R esults - 3-5/8" C -Section Reinforcem ent
Lim it State

N
(in.)

A rea o f Each U pper
B earing Plate (in. x in.)

(Pn)test

C6-20-301

3.5

3.5 x 1.5

650

Severe web crippling/ cracking o f plyw ood

C6-20-302

3.5

3.5 x 1.5

1300

Severe w eb crippling/ cracking o f plyw ood

C6-20-303

3.5

3.5 x 1.5

1594

Severe w eb crippling/ cracking o f plyw ood

Specim en N um ber

(lbs.)

Notation: C a-b-c, C = C-section, a = overall depth o f specimen, b = specimen gage, c = identifying test number

Table XII ETF Solid W eb Tests R esults - Track Alone
Lim it State

N
(in.)

A rea o f Each U pper Bearing
Plate (in. x in.)

(Pn)test

C6-20-401

3.5

3.5 x 1.5

263

—

W eb crippling

C6-20-402

3.5

3.5 x 1.5

275

—

W eb crippling

C6-16-401

3.5

3.5 x 1.5

781

1.92

W eb crippling

C6-16-402

3.5

3.5 x 1.5

781

1.92

W eb crippling

Specim en N um ber

(lbs.)

(PJ J
(Pn)solid(avg)

Notation: C a-b-c, C = C-section, a = overall depth o f specimen, b = specimen gage, c = identifying test number

Table XIII ETF Solid W eb Test R esults - N o R einforcem ent and N o Track
Specim en N um ber

N
(in.)

A rea o f Each U pper B earing
Plate (in. x in.)

(P n)test
(lbs.)

C6-16-403

3.5

3.5 x 1.5

425

C6-16-404

3.5

3.5 x 1.5

388

(P n)solid(avg)
(lbs.)

Lim it State
W eb C rippling

407

W eb C rippling

Notation: C a-b-c, C = C-section, a = overall depth o f specimen, b = specimen gage, c = identifying test number

oo
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F. CONCLUSIONS
The results o f the ETF reinforced and unreinforced tests showed that the track
configuration alone did not sufficiently increase the ETF loading capacity to achieve the
capacity o f the stiffened configuration shown in Figure 2. However, the track configuration
did provide a substantial increase in capacity over the unreinforced web specim ens. For
relatively light loads at the ETF loading location, the track configuration alone may provide
sufficient web crippling capacity by providing an alternate load path.
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VI. CONCLUSIONS
1. General. This pilot study investigated the lim it states o f web crippling and shear
for cold-formed steel single w eb flexural members w ith reinforced web openings. The
findings o f this pilot study indicate that the current reinforcem ent applications may be
conservative. Further research is needed to develop comprehensive, conclusive guidelines
for web reinforcem ent.
2. W eb crippling. This study investigated the web crippling behavior o f web
elements with circular openings for the EOF, ETF, and IOF loading conditions. For the EOF
and ETF loading conditions, the common end detail consisting o f the joist nested in the track
section was considered. Based on the experimental results obtained from this test program,
the web crippling capacity was significantly increased when consideration was given to the
presence o f the track section. A total o f sixty EOF and IOF tests were conducted on single
web specim ens subjected to one-flange loading. Nine tests were conducted on specimens
subjected to end-two-flange loading. The effects o f web reinforcement on the behavior and
capacity o f web elements w ith openings were studied and conclusions w ere drawn based on
observations and test results. Although the study was of lim ited scope and intended to be a
pilot study, more comprehensive conclusions concerning specific reinforcem ent
configurations are given at the end o f each section.
3. Shear. Eight shear tests were conducted on single web specimens w ith circular
web openings. The influence o f transverse reinforcement on both sides o f the opening was
studied. For the stiffener size and screw pattern used, solid web capacity was not achieved
for the test specimens investigated in this pilot study.
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VII. FUTURE RESEARCH
Future research benefits from the general trends observed and the conclusions drawn
from this investigation. This pilot study w as based prim arily on the end-one-flange loading
condition and the web crippling lim it state. Future research m ay include a continuation o f
the track configuration study considering loading from both EOF and ETF sources . O ther
future research topics may include:
1. Interaction o f jo ist load and stud load to create realistic end-two-flange loading situations.
2. M ore in-depth study o f IOF loading considering the effects o f bending and shear for webs
w ith openings.
3. M ore in-depth study o f shear reinforcem ent for w ebs w ith openings.
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